Hard disk drives continue to increase the data storage density. The parameters of the head slider flying attitude must satisfy very strict performance goals. This paper focuses on the topic of the simulated annealing algorithm when it is applied to the problem of slider air bearing design in hard disk drives. The objective is to minimize the static flying height, to keep the pitch angle within a reasonable range, and to minimize the roll angle. The design variables include recess depth and geometry configuration of the slider air bearing surface. A typical tri-pad slider was taken as the physical model to demonstrate the validity of the optimal algorithm. Results show that simulated annealing is efficient for the optimization of the slider air bearing design. The static air bearing characteristics were enhanced significantly.
Introduction
The recent increase in recording density of hard disk drives demands extremely low flying heights with uniform pitch and roll angles. It is more stringent to avoid a head crash with the reduction of the head/disk gap. Better flying attitude can be achieved with proper configuration of head slider surface. The optimization of air bearing surface is of great interest for the design of head slider in hard disk drives.
Several optimization algorithms, such as the genetic algorithm, the simulated annealing algorithm, the DIRECT (dividing rectangle) algorithm and other methods have been applied to the slider air bearing design. O'Hara and Bogy [1] used genetic algorithms and simulated annealing to achieve the optimal position of the high-pressure rails of a transverse pressure contour. The objective is to minimize the sum of the variation of flying height across the radius of the disk. Yoon and Choi [2] presented an optimization technique to find an optimum configuration of the taper-flat slider positioned by a rotary actuator for enhanced static air bearing characteristics.
O'Hara [3] designed a shaped rails slider by maintaining a flat flying height profile at a specified flying height and roll minimization while decreasing the sensitivity of the bearing to external load. Wang and Chen [4] employed a complex geometry method to the configuration optimization of two-rail sliders on dynamic characteristics. Hong Zhu and Bogy [5] applied DIRECT (dividing rectangle) algorithm to slider air bearing surface optimization. The shortcoming of the above traditional optimization algorithm is that they are easily trapped in local optimal point. In contrast, genetic algorithm and simulated annealing algorithm, are global optimization algorithm, which are more widely used in recent years and can produce useful results.
In this paper, the simulated annealing (SA) algorithm is used to design the air bearing surface of the slider, and it will be easier to get a global optimized result. The purpose of this study is to get optimal configuration of head slider with better flying characteristics. Optimization results are presented and discussed. It can be found from the result that the SA algorithm is effective for the slider optimization, and with this optimization method we can get a new tri-pad slider with further decreased flying height. gradients to determine search directions. The method is drawn from the annealing process of a solid. In an annealing process, a melt, initially at high temperature and disordered, is slowly cooled so that the system is approximately towards thermodynamic equilibrium. As temperature decreases, the system becomes more ordered and approaches a frozen ground state at the lowest temperature. The process can be thought of as an adiabatic approach to the lowest energy state.
In this algorithm, the initial state energy E and temperature T of a thermodynamic system are supposed first, and then the Metropolis scheme was used to calculate the new state energy at decreased temperature. The temperature continues decremented and the entire process is repeated until a frozen state is achieved at T=0. The Metropolis scheme can be described as follows: at certain temperature, the initial configuration is perturbed and the change in energy dE is computed. If the energy decreased the new state is accepted, otherwise the new state is accepted with a probability given by the Boltzmann factor exp(-dE/T). This process is also repeated sufficient times to give good sampling statistics for the current temperature.
In an analogy between the SA algorithm and metal annealing process, it can be found in the SA approach, the current solution to the combinational problem is analogous to the current state of the thermodynamic system, the objective function to the energy equation for the thermodynamic system, and the global minimum to the ground state. Hence, the algorithm is dependent on the annealing schedule, the choice of initial and final temperature, the length of Mapkob chain and how the control parameter T is reduced as the optimization progresses [6] [7] .
Formulation of the optimization problem
In this paper, a tri-pad, which is designed based on Li's two-rail slider [8] , is optimized. The slider is composed of two rails separated by a recess region and a tail pad. Each rail has a flat taper (Fig. 1) . To efficiently increase the data storage density in hard disk drives, the flying height of the head slider should be lower in order to get a better signal-to-noise ratio.
Also the pitch angle and the roll angle should be in a reasonable range. So in this paper, the objective function is defined as
where FH is the flying height evaluated at a given disk radius and the FHtarget is the target flying height. The design variables were the configuration parameters of slider surface and the recess depth.
The 
The non-dimensional residuals of the force and moments were defined as
So minimize the following objective function Eq. (5), the steady flying attitude parameters can be acquired. And the constraints of the flying attitude parameters are depicted as Eq.
(6). 
The compressible Reynolds equation is employed here to describe the hydrodynamic lubrication problem between the head slider and the disk [9] . And the Fukui-Kaneko model is employed to modify the Poiseuille flow to take into account the rarefaction effect. The modified Reynolds equation for the slider with gas compressibility and rarefaction effects is written in the non-dimensional form as 3
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where P is the non-dimensional pressure, H is the There are mainly two parts in our optimization process. The principal part is optimization algorithm, and the other is flying characteristics solver including static analysis. The initial configuration parameters of the slider were given randomly and flying attitude parameters were calculated by the solver.
Then new shape of the slider was generated in the optimization part and new flying parameters were got again.
Each step the cost function was evaluated and analyzed. The process was repeated till the objective function was realized.
The overall procedure for solving the optimization problem is illustrated in Fig.3 . respectively. The Metropolis acceptance rule is described as
where T is the annealing temperature.
Results and discussions
The design parameters of the prototype slider used in this paper are showed in Table 1 .
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Copyright © 2005 by ASME The original flying parameters are showed in Table 2 . Starting with this design, optimization of the slider configuration was carried out to achieve the desired flying height.
Two-dimensional problem
The rails were chosen as the design areas to evaluate the efficiency of the optimization procedure. The design space was limited in a given domain as the design constrains.
Results show that the flying height decreased markedly, the roll angle reduced, and the pitch angle had a reasonable value. The dimension of the slider surface and the recess depth were taken as design variables to compare with the two-dimensional problem. The optimized results are showed in Table 4 . We got the very uniform flying height of 22.93 nm, the pitch angle 157.88 rad and the roll angle -9.29 rad, respectively. Table 4 indicates that design the rail, tail and recess depth rationally can fall the slider markedly.
The results in Table 3 and 4 show that the numerical procedure with the SA approach is effective. Table.4 
